Introduction
The transcription factor nuclear factor-κB (NF-κB) protects cells from apoptosis through the transcriptional upregulation of survival-promoting genes [1] . During death receptor-induced apoptosis, the initiator caspase-8 cleaves the serine/threonine kinase receptor-interacting protein (RIP)1 [2] [3] [4] , a protein required for NF-κB activation in response to tumor necrosis factor (TNF), DNAdamaging agents and the Toll-like receptor (TLR) ligands dsRNA and lipopolysaccharide (LPS) [5] [6] [7] [8] . The resulting caspase-8-generated RIP1 fragments are incapable of inducing NF-κB activation, which contributes to death receptor-induced apoptosis [2] [3] [4] . Cell death induced by interleukin-3 (IL-3) withdrawal in pro-B cells proceeds through the mitochondrial apoptotic pathway [9] [10] [11] and was suggested to involve a caspase-independent mechanism, because the pan-caspase inhibitors carbobenzoxyvalyl-analyl-aspartyl-[O-methyl]-fluoromethylketone (zVAD-fmk) and Boc-D-fmk (benzyloxycarbonylAsp(OMe)-fluoromethylketone) failed to prevent cell death and the concomitant loss of mitochondrial mem-brane potential [9] . In line with these findings, neither caspase-9 nor Apaf-1 (apoptotic protease activating factor 1) was required for apoptosis induced by IL-3 deprivation, while B-cell lymphoma 2 (Bcl-2) overexpression efficiently prevented cell death induced by IL-3 withdrawal [12] . Accumulating evidence indicates that caspases are not the sole determinants of decisions related to life and death in programmed cell death [13] , and that multiple pro-apoptotic factors are released from the mitochondrial intermembrane space (IMS) into the cytoplasm of apoptotic cells [14] . One of these factors is the mitochondrial serine protease high temperature requirement protein A2 (HtrA2)/Omi. In the mitochondrial IMS, the serine protease activity of HtrA2/Omi is required for homeostasis of the organelle [15] [16] , and inactivating mutations have been associated with neurodegenerative disorders such as Parkinson's disease [17] . However, following an apoptotic trigger, HtrA2/Omi is released into the cytosol [18] [19] [20] [21] [22] , where it contributes to the regulation of apoptosis in both caspase-dependent and caspase-independent fashions. The N-terminal inhibitor of apoptosis (IAP)-binding motif allows HtrA2/Omi to bind to and consequently inhibit IAP proteins, releasing active caspases from their natural inhibitors [18] [19] [20] [21] [22] . In addition, HtrA2/Omi contributes directly to apoptosis as a serine protease by proteolytic degradation of IAP proteins [23] , the caspase-8 inhibitor phosphoprotein enriched in diabetes/phosphoprotein enriched in astrocytes (Ped/Pea-15) [24] and the anti-apoptotic protein HAX-1 (HS-1-associated protein X-1) [25] .
Here we report that RIP1 is cleaved in IL-3-deprived Ba/F3 cells through both caspase-dependent and caspaseindependent mechanisms into two C-terminal fragments of 30 and 25 kDa. While zVAD-fmk inhibited the generation of the 30-kDa fragment, the 25-kDa fragment was generated even in the absence of caspase activity, but required the cytosolic release of the mitochondrial serine protease HtrA2/Omi. siRNA-mediated downregulation of HtrA2/Omi prevented the production of the 25-kDa RIP1 cleavage fragment in IL-3-deprived Ba/F3 cells. In vitro, recombinant HtrA2/Omi cleaved mouse 35 S-labeled RIP1, generating fragments corresponding to the in vivo fragments. We mapped the HtrA2/Omi cleavage site to the intermediate domain (ID) of mouse RIP1 and found that the ability of the cleavage fragments to activate NF-κB was substantially impaired. Furthermore, HtrA2/Omimediated RIP1 processing eradicates the RIP1-dependent activation of MAP kinases p38 and c-Jun amino-terminal kinase (JNK) [26] [27] . These results indicate that HtrA2/ Omi cleaves RIP1 in the mitochondrial apoptotic pathway during IL-3 deprivation, which leads to termination of signaling by NF-κB, p38 mitogen-activated protein kinase (MAPK) and JNK. In this context, the role of HtrA2/Omi resembles that of caspase-8 in death receptor-induced apoptosis [2] [3] [4] .
Results

Apoptosis of IL-3-deprived Ba/F3 cells depends on the release of mitochondrial factors but not on caspase activity
IL-3 deprivation of Ba/F3 cells induces the apoptotic mitochondrial pathway [10] , but the contribution of caspase-independent pathways has not been fully characterized. Apoptosis induced in the mouse pro-B cell line FL5.12 by IL-3 deprivation was reported to proceed through a caspase-independent mechanism [9] . To verify whether apoptosis induced in Ba/F3 cells by IL-3 deprivation proceeds through the mitochondrial pathway, we used Bcl-2 overexpressing Ba/F3 cells. The antiapoptotic Bcl-2 protein is known to block the mitochondrial apoptotic pathway by preventing the release of mitochondrial pro-apoptotic proteins, such as cytochrome c and HtrA2/Omi [28] . Kinetics of Ba/F3 apoptosis in response to IL-3 depletion was determined by measuring DNA hypoploidy ( Figure 1A ) and plasma membrane permeabilization ( Figure 1B) . Withdrawal of IL-3 induced apoptosis of Ba/F3 cells in a time-dependent way ( Figure 1 ). As expected and in line with previous reports [10, 12] , overexpression of Bcl-2 prevented apoptosis (Figure 1 ), indicating that apoptosis induced by IL-3 deprivation is mediated through the release of mitochondrial factors. Once mitochondrial proteins are released into the cytosol, both caspase-dependent and caspaseindependent pathways are triggered [14] . To investigate the role of caspases downstream of mitochondrial membrane permeabilization in IL-3-deprived Ba/F3 cells, we compared cell death kinetics in the presence and absence of the pan-caspase inhibitor zVAD-fmk. Interestingly, although caspase activity was effectively abrogated ( Figure  1C ), late membrane permeabilization proceeded and was unchanged in zVAD-fmk-pretreated cells ( Figure 1D ). In addition, although zVAD-fmk completely abolished caspase-3-like activity ( Figure 1C) , it was unable to prevent morphological features of apoptosis, such as karyorrhexis and cell shrinkage ( Figure 1F ), or the molecular parameter of apoptosis, DNA hypoploidy ( Figure 1E ).
Accumulating evidence indicates that caspases are not the sole determinants of programmed cell death [13] . Besides cytochrome c, multiple pro-apoptotic factors are released from the IMS into the cytosol of apoptotic cells [14] . We therefore investigated the release of the mitochondrial pro-apoptotic factors HtrA2/Omi and cytochrome c in IL-3-deprived Ba/F3 cells that had been pretreated with zVAD-fmk. Cytosolic fractions were prepared at various intervals after IL-3 withdrawal and immunoblotted to detect the cytosolic presence of HtrA2/ Omi and cytochrome c. HtrA2/Omi and cytochrome c were not present in the cytosol of unstimulated control cells, but a time-dependent translocation of both HtrA2/ Omi and cytochrome c into the cytosol was apparent as early as 8 h after IL-3 deprivation ( Figure 1G ). In line with the activation of caspases downstream of mitochondrial membrane permeabilization during growth factor depletion, pretreatment of Ba/F3 cells with zVAD-fmk did not affect the release of HtrA2/Omi and cytochrome c ( Figure 1G ). Taken together, these results demonstrate that cell death of Ba/F3 cells induced by IL-3 deprivation is modulated by Bcl-2 but proceeds in the absence of caspase activity.
Caspases are not required for cleavage of RIP1 in response to IL-3 withdrawal
The initiator caspase-8 cleaves the serine/threonine kinase RIP1 during death receptor-induced apoptosis and abrogates NF-κB activation, hence contributing to the sensitization of death receptor-induced apoptosis [2] [3] [4] . However, RIP1 cleavage in response to stimuli that induce apoptosis through the mitochondrial death pathway has not been reported. Therefore, we analyzed cleavage of RIP1 after initiation of the mitochondrial pathway in Ba/F3 cells by depriving them of IL-3. A time-dependent decrease of full-length RIP1 in IL-3-deprived Ba/F3 cells occurred ~8 h after stimulation, whereas the loading control remained unchanged (Figure 2A) . The disappearance of full-length RIP1 was associated with an increase in RIP1 cleavage fragments (Figure 2A ). An antibody Figure 2B ), indicating that cleavage of RIP1 into the 25 and 30-kDa C-terminal fragments occurs downstream of mitochondrial engagement. In this respect, a similar RIP1 cleavage pattern was observed when the mitochondrial pathway was induced by the DNA-damaging agents, doxorubicin or etoposide, or by the protein kinase inhibitor, staurosporine ( Figure 2C ). As our results indicated that caspases are not needed for cell death induced by growth factor withdrawal ( Figure 1 ), we investigated whether caspases were also dispensable for the cleavage of RIP1. Ba/F3 cells were pretreated with zVADfmk before incubation in IL-3-deficient culture medium.
As shown in Figure 2D , zVAD-fmk did not prevent the generation of the 25-kDa RIP1 fragment but significantly reduced the production of the 30-kDa fragment, suggesting a role for caspases in the generation of the 30-kDa fragment but not the 25-kDa fragment ( Figure 2D ). These results demonstrate that during apoptosis induced by IL-3 deprivation, RIP1 is cleaved by both caspasedependent and caspase-independent mechanisms.
HtrA2/Omi mediates RIP1 cleavage during IL-3 deprivation-induced apoptosis
Generation of the 25-kDa RIP1 fragment and the cytosolic release of the mitochondrial serine protease HtrA2/ Omi both proceeded independently of caspases in IL-3-deprived Ba/F3 cells. As the cytosolic release of HtrA2/ Omi preceded the cleavage of RIP1, we investigated the role of HtrA2/Omi in RIP1 cleavage following the IL-3 deprivation of Ba/F3 cells. We first investigated whether mouse RIP1 processing is observed upon co-expression of human and mouse HtrA2/Omi in 293T cells. Notably, both mouse and human HtrA2/Omi generated a 25-kDa RIP1 fragment that was immunoreactive with antibodies against the C-terminal V5-tag ( Figure 3A and 3B). To further explore the role of HtrA2/Omi in IL-3-deprivation-induced cleavage of RIP1, we made use of siRNAs against HtrA2/Omi to downregulate the endogenous protein expression levels in Ba/F3 cells. As expected, HtrA2/ Omi siRNA did not affect the expression of the loading control 14-3-3-γ, and control siRNA oligonucleotides had no effect on HtrA2/Omi or 14-3-3-γ expression ( Figure 3C ). Immunoblots of IL-3-deprived Ba/F3 cells showed that siRNA-mediated downregulation of HtrA2/ Omi specifically abolished the generation of the 25-kDa RIP1 fragment ( Figure 3D ). In contrast, this fragment was present on immunoblots of Ba/F3 cells that had been pretreated with control siRNA oligonucleotides ( Figure  3D ). To determine whether HtrA2/Omi was directly responsible for cleavage of RIP1, lysates of untreated Ba/ F3 cells and in vitro translated mouse RIP1 were coincubated with recombinant HtrA2/Omi, and the resulting cleavage fragments were run next to cell lysates of IL-3-deprived Ba/F3 cells. Immunoblot analysis revealed that recombinant HtrA2/Omi generated a 25-kDa RIP1 fragment in Ba/F3 cell lysates that co-migrated with the endogenous 25-kDa RIP1 fragment of IL-3-deprived Ba/ F3 cells ( Figure 3E ). In addition, recombinant HtrA2/ Omi cleaved in vitro translated mouse RIP1 to generate a 25-kDa RIP1 fragment similar to that in IL-3-deprived Ba/F3 cells ( Figure 3E ). As expected, the catalytically inactive S306A HtrA2/Omi mutant did not cleave RIP1, excluding the possibility that a co-purified protease was responsible for the observed cleavage of RIP1. In line with our findings in Figure 2 , the 30-kDa RIP1 fragment was present in IL-3-deprived Ba/F3 cells but not in the setups incubated with recombinant HtrA2/Omi ( Figure  3E ). Taken together, these results indicate that HtrA2/ Omi released into the cytosol is directly responsible for the cleavage of RIP1 in IL-3-deprived Ba/F3 cells.
HtrA2/Omi cleaves mouse RIP1 in the ID
RIP1 is a serine/threonine kinase that consists of three structural domains: the N-terminal kinase domain (KD) is separated from the C-terminal DD by the so-called intermediate domain (ID) ( Figure 4E ). To identify the RIP1 structural domain that harbors the HtrA2/Omi cleavage site, we incubated in vitro translated mouse RIP1 deletion mutants with recombinant HtrA2/Omi and analyzed the resulting cleavage fragments by SDS-PAGE and autoradiography. As expected, HtrA2/Omi processed fulllength RIP1 to generate the 25-kDa fragment and the respective 50-kDa fragment ( Figure 4A ). In contrast to RIP1 lacking the KD (∆KD) or the DD (∆DD), HtrA2/ Omi could not cleave RIP1 in which the ID was deleted (∆ID) ( Figure 4A ). In line with these results, the singledomain mutant RIP1 ID was readily cleaved by HtrA2/ Omi ( Figure 4B ). These data demonstrate that HtrA2/ Omi processes mouse RIP1 in the ID and that the presence of the ID is sufficient for recognition and cleavage by HtrA2/Omi.
Analysis of the molecular mass of the RIP1 and RIP1 ID cleavage fragments generated by HtrA2/Omi suggests that HtrA2/Omi cleaves mouse RIP1 in the L 451 SWPATQTVWNN 462 region that precedes the socalled RHIM (RIP homotypic interaction motif) motif in the C-terminus of the RIP1 ID domain. To confirm that this region is critical for HtrA2/Omi-mediated processing of RIP1, we constructed RIP1 mutants in which the 12 amino-acid residues of this motif were replaced by Ala residues. Replacing this potential cleavage site peptide with Ala residues completely protected RIP1 from cleavage by HtrA2/Omi, showing that the HtrA2/Omi cleavage site is located between Leu 451 and Asn 462 ( Figure  4C ). To identify the cleavage site more precisely, the first six (RIP1 L 451 -T 456 ) or the last six (RIP1 T 456 -N 462 ) amino acids of this motif were converted to Ala. Substitution of L 451 -T 456 with Ala in wild-type RIP1 abolished the cleavage of RIP1 by HtrA2/Omi ( Figure 4D ). In line with this result, the RIP1 T 456 -N 462 mutant was cleaved by HtrA2/ Omi to the same extent as wild-type RIP1 ( Figure 4D ). All together, these results demonstrate that the HtrA2/ Omi cleavage site in mouse RIP1 is located between Leu 451 and T 456 . Since this region is not well conserved in human RIP1 (Figure 4E) , we compared the efficiency with which human RIP1 and mouse RIP1 were processed by recombinant HtrA2/Omi in vitro. Whereas 75 nM HtrA2/Omi efficiently generated 50-and 25-kDa fragments from mouse RIP1, human RIP1 was barely processed even at an HtrA2/Omi concentration of 600 nM ( Figure 4F ). These results suggest that HtrA2/Omimediated cleavage of RIP1 might be a species-specific adaptation that is not conserved in humans.
Cleavage of RIP1 by HtrA2/Omi abolished the NF-κB-inducing activity of RIP1
RIP1 is involved in NF-κB activation in response to different stimuli, including TNF, DNA-damaging agents and the TLR ligands dsRNA and LPS [5] [6] [7] [8] . In contrast to full-length RIP1, the cleavage fragments generated by caspase-8 during death receptor-induced apoptosis, when overexpressed in 293T cells, cannot induce NF-κB activation [2] [3] . To study whether HtrA2/Omi-mediated cleavage of RIP1 also affects its NF-κB-inducing activity, expression vectors encoding RIP1 N (aa 1-456) or RIP1 C (aa 456-656) were co-transfected with an NF-κB-driven luciferase reporter in 293T cells. Empty vector and plasmids encoding wild-type RIP1 were incorporated in these studies as negative and positive controls, respectively. To prevent RIP1-induced apoptosis, the expression vector of poxvirus protein cytokine response modifier A (CrmA) was also included in the transfection. As expected, wild-type RIP1 potently induced NF-κB activation, while empty vector-transfected cells failed to activate NF-κB ( Figure 5A) . In contrast to full-length RIP1, the HtrA2/Omi-generated RIP1 fragments could not activate NF-κB effectively. Indeed, the RIP N fragment showed no activity, whereas the RIP C fragment induced a much weaker activation of NF-κB ( Figure 5A ). Western blot analysis of lysates of transfected 293T cells confirmed the appropriate expression of all constructs ( Figure 5B ). were transiently co-transfected with an NF-κB-driven luciferase reporter plasmid and either empty vector (−) or the indicated amounts (ng) of expression plasmids encoding E-tagged wildtype RIP1, RIP1 N or RIP1 C . After 24 h, lysates were analyzed for luciferase activity. (B) Aliquots of the same cell lysates were analyzed by SDS-PAGE and immunoblotting using anti-E-tag antibody to confirm the appropriate expression of all constructs. (C) 293T cells were transfected with the indicated amounts (ng) of expression plasmids encoding E-tagged wild-type RIP1, RIP1 N or RIP1 C . After 24 h, total lysates were analyzed by immunoblotting using anti-JNK, anti-phospo-JNK, anti-p38 MAPK, anti-phospho-p38 MAPK and anti-E-tag antibodies. In addition to its role in inducing NF-κB activation, RIP1 was reported to be required for TNF-induced activation of JNK and p38 MAPK [26] . Moreover, activation of these kinase pathways by transient expression of RIP1 in 293T cells was shown to be dependent on the RIP1 ID domain [27] . To examine whether HtrA2/Omi-mediated cleavage of RIP1 also affected JNK and p38 MAPK activation, we transiently transfected 293T cells with vectors encoding RIP1 N or RIP1 C in the presence of CrmA and then analyzed them by western blot. In contrast to empty vector-transfected cells, JNK and p38 MAPK were both phosphorylated in 293T cells overexpressing full-length RIP1 ( Figure 5C ). However, neither the N-terminal nor the C-terminal RIP1 fragment recapitulated the potent ability of full-length RIP1 in activating p38 MAPK and JNK ( Figure 5C ). Taken together, these results demonstrate that HtrA2/Omi-mediated cleavage of RIP1 affects its ability to induce activation of NF-κB, JNK and p38 MAPK.
HtrA2/Omi siRNA reduces caspase-independent cell death induced by IL-3 withdrawal
To study the role of RIP1 cleavage during cell death induced by growth factor deprivation, we assessed the cell viability of Ba/F3 cells in response to IL-3 withdrawal in the presence of zVAD-fmk and HtrA2/Omi siRNA. Ba/F3 cells were transfected with HtrA2/Omi siRNA or control siRNA, and after 24 h they were treated with zVAD-fmk and then incubated in IL-3-deficient medium. While HtrA2/Omi siRNA decreased the levels of HtrA2/Omi, actin expression was unaffected by any of the siRNA treatments ( Figure 6A ). Interestingly, unlike treatment with zVAD-fmk (Figure 1) , treatment with HtrA2/Omi siRNA rendered Ba/F3 cells more resistant to IL-3 withdrawal-induced cell death than control siRNAtreated cells ( Figure 6B ). These results demonstrate that HtrA2/Omi, possibly by cleaving RIP1, plays a role in the regulation of caspase-independent cell death in this system.
Discussion
The bone marrow-derived pro-B cell line Ba/F3 requires IL-3 to proliferate and to overcome the default apoptotic program. Indeed, Ba/F3 cells become committed to apoptosis when deprived of IL-3, and hence multiple signaling pathways downstream of IL-3 have been proposed to prevent apoptosis [29] . For instance, the constitutive activation of NF-κB in the presence of IL-3 is required for the survival of Ba/F3 cells [30] [31] [32] . As NF-κB activation is known to protect cells against apoptosis through the transcriptional upregulation of survival- At the indicated time points, cell death was assessed by cytofluorometric analysis of PI uptake. Data represent the mean ± SD of three independent experiments. *P < 0.05 and **P < 0.01.
promoting genes [1] , it has been proposed that cell fate following growth factor withdrawal is determined by the ability to maintain NF-κB activity [31] [32] [33] . In line with this notion, previous studies observed a large decrease in NF-κB activity before the propagation of apoptosis when Ba/F3 cells were deprived of IL-3 [30] . In addition, the executioner caspases-3 and -6 cleave and inactivate the p65 subunit of NF-κB, which results in the enhancement of apoptotic death of endothelial cells that have been deprived of growth factors [33] . Besides NF-κB, the MAP kinases p38 [34] and JNK [35] were demonstrated to be activated upon IL-3 stimulation of hematopoietic progenitor cells. Like NF-κB activation, p38 MAPK activation is involved in the transcriptional activation of numerous anti-apoptotic genes in response to cellular stress [36- 37], while IL-3-mediated activation of JNK is required for the suppression of apoptosis through phosphorylation and inactivation of the pro-apoptotic protein Bad in pro-B lymphocytes [38] .
The importance of the serine/threonine kinase RIP1 in hematopoietic cell homeostasis is apparent from RIP1-deficient mice that exhibit decreased peripheral blood lymphocyte counts, suggesting an essential role for this kinase in T-and B-cell survival [7] . Furthermore, RIP1 was shown to be indispensable for the activation of NF-κB in response to TNF in pro-B cells [7] , as well as for TNF-induced activation of the MAPKs p38 and JNK [26] . Interestingly, this kinase is proteolytically inactivated by caspase-8 during death receptor-induced apoptosis [2] [3] [4] . However, it is not known whether RIP1 is also cleaved in response to triggers that engage the mitochondrial death pathway. Here, we report that apoptosis induced in Ba/ F3 cells by IL-3 deprivation proceeds through the mitochondrial pathway, but caspases seem to be dispensable for cell death. Furthermore, apoptosis induced by IL-3 depletion was shown to be associated with the cleavage of RIP1 into two C-terminal fragments of 30 and 25 kDa. Whereas generation of the 30-kDa fragment is prevented by the pan-caspase inhibitor zVAD-fmk, cleavage of RIP1 into the 25-kDa fragment required the cytosolic release of the mitochondrial serine protease HtrA2/Omi. siRNA-mediated knockdown of HtrA2/Omi prevented the generation of the 25-kDa RIP1 cleavage fragment in IL-3-deprived Ba/F3 cells. Moreover, the 25-kDa RIP1 fragment observed in IL-3-deprived Ba/F3 cells comigrated with a cleavage fragment of RIP1 that was generated by incubating in vitro translated mouse RIP1 with recombinant HtrA2/Omi. These results confirm a direct and specific role for HtrA2/Omi in mouse RIP1 processing. Unlike mouse RIP1, human RIP1 was not cleaved by recombinant HtrA2/Omi in vitro. This suggests that HtrA2/Omi-mediated cleavage of RIP1 is a species-specific adaptation that is not conserved in humans. Mouse RIP1 deletion mutants were used to map the HtrA2/Omi cleavage site to the region between Leu 451 and T 456 in the C-terminal part of the RIP1 ID. Co-transfection of the resulting RIP1 cleavage fragments with an NF-κB reporter demonstrated that HtrA2/Omi-mediated cleavage of RIP1 significantly reduces the ability of RIP1 to induce NF-κB activation. Similarly, cleavage of RIP1 abrogated the ability of RIP1 to induce activation of the MAP kinases JNK and p38. Strikingly, reducing the endogenous level of HtrA2/Omi by RNA interference retards IL-3 deprivation-induced death in Ba/F3 cells in the presence of zVAD-fmk. This finding indicates that HtrA2/Omi plays a substantial role in the caspase-independent death pathway induced by IL-3 withdrawal, possibly by cleaving RIP1.
Overall, we show that the mitochondrial serine protease HtrA2/Omi is rapidly released into the cytosol of IL-3-deprived Ba/F3 cells, where it contributes to cell death through the processing and inactivation of RIP1. These results suggest that the cytosolic release of HtrA2/ Omi and the consequent cleavage of RIP1 might abrogate survival signaling mediated by NF-κB and the MAP kinases p38 and JNK, hence enhancing apoptosis in response to growth factor withdrawal. This function of HtrA2/Omi in response to stimuli that engage the mitochondrial apoptotic pathway resembles that of caspase-8 during death receptor-induced apoptosis ( Figure 7 ) [2] [3] [4] .
Materials and Methods
Plasmids pEF1-mRIP1-V5/His was constructed by inserting a BamHIXbaI fragment, containing mouse RIP1 cDNA without a termination codon, between the BamHI and XbaI sites of pEF1/V5-HisA (Invitrogen, Carlsbad, CA, USA). Mouse RIP1 deletion mutants (ID, ∆KD, ∆ID, ∆DD) were generated by PCR using modified complementary PCR adaptor primers and cloned into pEF1/V5-HisA. RIP1 mutants containing Ala cluster substitutions were constructed by site-directed mutagenesis PCR and cloned into pEF1/ V5-HisA. cDNA encoding wild-type RIP1, RIP1 N (aa 1-456) or RIP1 C (aa 456-656) was amplified by PCR, and the amplified product was digested with NotI and BglII, and the corresponding fragment was cloned into pCAGGS. pEF1-hRIP1-V5/His was constructed by inserting a NotI-XbaI PCR fragment, containing human RIP1 cDNA, between the NotI and XbaI sites of pEF1/V5-HisB. The cDNA encoding mature mouse HtrA2/Omi was amplified by PCR from a full-length cDNA clone of mouse HtrA2/Omi in the pCMV-SPORT6 vector, which was obtained from RZPD (Berlin, Germany). The amplified product was digested with NotI and BglII and cloned in pCAGGS-E in frame with the N-terminal E-tag. cDNA encoding the catalytically inactive S306A mutant of HtrA2/Omi was constructed by site-directed mutagenesis PCR. cDNA encoding the human HtrA2/Omi wild-type or the S306A mutant was amplified by PCR from pEF1-HtrA2/Omi-V5/HisA and pEF1-HtrA2/Omi-S306A-V5/HisA [39] , respectively, and the amplified product was digested with KpnI and BglII and cloned in pCAGGS-Flag in frame with the N-terminal Flag-tag. Plasmid pIgK3conaLUC, encoding the luciferase reporter gene driven by an NF-κB responsive promoter, was a generous gift from Dr A Israel (Institut Pasteur, Paris, France). The pAct-bGal vector, containing the β-galactosidase gene after the β-actin promoter, was obtained from Dr Inoue (Institute of Medical Sciences, Tokyo, Japan), and pCAGGS-CrmA has been described previously [40] . Proper construction of all the plasmids was confirmed by DNA sequencing.
Induction of cell death and FACS analysis
The IL-3-dependent mouse pro-B cell line Ba/F3 was maintained in RPMI 1640 medium (Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal calf serum, penicillin (100 Units/ ml), streptomycin (100 µg/ml) and 10% (v/v) conditioned medium Here we demonstrate that upon activation of the mitochondrial pathway by growth factor withdrawal, RIP1 cleavage occurs through both caspasedependent and caspase-independent mechanisms. Caspase-independent cleavage of RIP1 is mediated by the mitochondrial serine protease HtrA2/Omi. HtrA2/Omi-mediated proteolysis of RIP1 eliminates the ability of RIP1 to induce the activation of NF-κB and the MAP kinases p38 and JNK.
from the WEHI-3B cells as a source of mouse IL-3. Ba/F3 cells were stably transfected by electroporation as described previously [41] . Before induction of apoptosis, Ba/F3 cells were resuspended in fresh medium at 3 × 10 5 cells per ml. The next day, cell death was induced in Ba/F3 cells by IL-3 depletion for different durations and analyzed by monitoring propidium iodide (PI) uptake. PI (30 µM) was added 10 min before measuring and fluorescence was detected at 610 nm on a FACScalibur flow fluorocytometer (Becton Dickinson, Sunnyvale, CA, USA) equipped with a 488-nm argon ion laser. DNA hypoploidy was measured by flow cytometry of PIstained cells that were permeabilized by freeze thawing. To block caspase activity, cells were pretreated for 0.5 h with 50 µM zVADfmk (Bachem, Torrance, CA, USA), washed, and then incubated for the indicated durations in IL-3-deficient medium containing 50 µM zVAD-fmk.
Subcellular fractionation and immunoblot analysis
Ba/F3 cells were washed twice in cold PBS and equal cell numbers were lysed by addition of the Laemmli sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol) and boiling for 10 min. For cytosolic HtrA2/ Omi and cytochrome c detection, cells were permeabilized in cold cell-free system buffer (10 mM HEPES-NaOH pH 7.4, 220 mM mannitol, 68 mM sucrose, 2 mM NaCl, 2.5 mM KH 2 PO 4 , 0.5 mM EGTA, 2 mM MgCl 2 , 5 mM pyruvate, 0.1 mM PMSF, 200 Units/ ml aprotinin, 10 mg/ml leupeptin and 10 mM DTT) supplemented with 0.2 mg/ml digitonin and incubated on ice for 1 min. This treatment allows selective lysis of the outer cell membrane without affecting the organelle membranes. Lysates were cleared of cellular debris by centrifugation at 20 000 g for 10 min at 4 °C, separated on SDS-PAGE gels of different percentages and transferred into the nitrocellulose membrane by semidry blotting in a buffer containing 25 mM Tris-HCl pH 8.0, 190 mM glycine and 20% methanol. All further incubations were carried out at room temperature on a platform shaker. Blocking, incubation with antibody and washing of the membrane were done in PBS supplemented with 0.02% Tween-20 (v/v) and 3% (w/v) non-fat dry milk. Membranes were incubated with horseradish peroxidase-conjugated secondary antibodies against mouse and rabbit immunoglobulin (Amersham Biosciences, Buckinghamshire, UK). Immuno-reactive proteins were visualized with the enhanced chemiluminescence method (Perkin-Elmer, Boston, MA, USA). The HtrA2/Omi antibody was produced and purified as described previously [39] . Other primary antibodies used were anti-cytochrome c, anti-RIP1 (BD Biosciences, San Diego, CA, USA), anti-actin (C-4; MP Biomedicals, Aurora, OH, USA), anti-E-tag (Amersham Biosciences), anti-Flagtag (Sigma-Aldrich, Bornem, Belgium), anti-14-3-3γ (CG31-2B6, Bio-Connect, Huissen, The Netherlands), anti-p38 MAPK, antiphospho-p38 MAPK, anti-JNK and anti-phospo-JNK antibodies (Cell Signaling, Danvers, MA, USA).
DEVDase activity
Cells were harvested and lysed in ice-cold caspase lysis buffer (0.05% Nonidet-P40, 220 mM mannitol, 68 mM sucrose, 2 mM NaCl, 2.5 mM KH 2 PO 4 , 10 mM Hepes pH 7.4, supplemented with 0.1 mM PMSF, 200 Units/ml aprotinin, 10 mg/ml leupeptin and 1 mM oxidized glutathione). Cellular debris was removed by centrifugation, and caspase activity was determined by incubating 10 µl 
In vitro transcription/translation and cleavage assay
Human recombinant HtrA2/Omi and the catalytic inactive S306A mutant of HtrA2/Omi were produced and purified as described previously [39] . Mouse wild-type RIP1 and RIP1 mutants (200 ng) were used as templates for in vitro-coupled transcription/ translation in a rabbit reticulocyte lysate system according to the manufacturer's instructions (Promega, Madison, WI, USA). To detect the translation products, 35 S-methionine was added to the translation reactions. For in vitro cleavage, translation reactions (2 µl each) were incubated with recombinant HtrA2/Omi or HtrA2/ Omi S306A in a total volume of 24 µl of cell-free system buffer for 1 h at 37 °C. The resulting cleavage products were analyzed by SDS-PAGE and autoradiography.
RNA interference
Transfection experiments were performed using the Amaxa nucleofection technology (Amaxa, Cologne, Germany). Ba/F3 cells (2 × 10 6 ) were resuspended in 100 µl Amaxa solution V in the presence of control or HtrA2/Omi siRNA (Dharmacon, Lafayette, CO, USA), and transfected using an electrical setting corresponding to nucleofector program X-01. Cells were then resuspended in prewarmed culture medium at 3 × 10 5 cells per ml. Forty-eight hours after transfection, cells were depleted of IL-3 and harvested for western blot analysis.
DNA transfection
293T cells were transfected with the indicated expression vectors combined with 100 ng NF-κB-luciferase and pACT-β -galactosidase reporter plasmids. After 24 h, the cells were collected, washed in PBS and lysed in Luciferase lyse buffer (25 mM Tris phosphate pH 7.8, 2 mM DTT, 2 mM CDTA, 10% glycerol and 1% Triton-X-100). On addition of substrate buffer (658 mM luciferin, 378 mM coenzyme A and 742 mM ATP), Luciferase (Luc) activity was assayed in a GloMax 96 Microplate Luminometer (Promega). β-Galactosidase (Gal) activity in cell extracts was assayed with chlorophenol red β-D-galactopyranoside substrate (Roche Applied Science, Basel, Switzerland) and the optical density was read at 595 nm in a Benchmark microplate Reader (Bio-Rad Laboratories, Nazareth, Belgium). Luc values were normalized for Gal values in order to correct for differences in transfection efficiency (plotted as Luc/Gal). The data represent the average ± SD of triplicates.
